. The amounts and proportions of BNF in legumes are affected by agronomic practices, environmental factors, and microbial and soil conditions (Peoples and Baldock, 2001; Peoples et al., 2009) . Therefore, the amounts and proportions of N fixed by legumes vary widely with many interacting conditions (Rennie and Rennie, 1983) . Several methodologies aim to fractionate the plant N mass into atmospheric and soil sources or directly measure the activity of nitrogenase, the enzyme complex in legume nodules directly responsible for fixing N 2 . Each methodology has its inherent drawbacks; however, some techniques provide more useful data, depending on the research objectives and legume growth habit. Therefore, there is no single, acceptable technique for measuring N 2 fixation under all conditions and purposes. For example, the ultimate N 2 determination standard uses 15 N gas and is very impractical for field measurements (Witty, 1983) .
In nature, N atoms predominantly carry an atomic mass of 14 ( 14 N), with only 0.3663% of N atoms possessing an atomic mass of 15, which is a stable (nonradioactive) isotope. Changes in enrichment (or depletion) of the 15 N isotope can be used to quantify N transformations, such as BNF. 15 N enrichment (percentage of atoms above the natural level of abundance) techniques were proposed around 40 yr ago (Fried and Broeshart, 1975; Fried and Middleboe, 1977) and are still used to estimate BNF in grass-legume mixtures. In this instance, a non-N 2 -fixing reference plant (Panicum spp. in this case) takes up 15 N-labeled soil-derived N but unlabeled N from the atmosphere is fixed via BNF (Peoples et al., 2009 ). Since legumes take up N from the soil and atmospheric pools, the degree to which unlabeled atmospheric N dilutes labeled soil N allows determination of the percentage of N uptake derived from the atmosphere (%NDFA) and therefore the mass of N from the atmosphere (N fixed or BNF). A major advantage of this method is that it distinguishes between soil-derived and atmosphere-derived N in the harvested legume tissue (Peoples et al., 2009 ); however, the extra expenses of 15 N application and assays limit its use in field research. In addition, a constraint is that when the degree of enrichment is low relative to natural 15 N abundance, the error in calculating %NDFA is proportionately high (Danso et al., 1993) . Limitations also exist because of the variability of the natural abundance of 15 N in soils and thus the accuracy of this technique depends on the uniformity of 15 N in the labile N pool (Ledgard and Steele, 1992; Unkovich and Pate, 2000) . For these reasons, the method works best if the labile soil N pool is highly enriched relative to background 15 N levels.
A relatively inexpensive and simple technique for determining BNF levels is the N-difference method. In this method, one calculates the difference between legume total N uptake (recovery) and the total N uptake of an adjacent non-N 2 -fixing reference species, such as a grass or some other nonlegume. This carries the assumptions that the total N uptake of the reference species is solely derived from soil and that both species assimilate and translocate equal amounts of soil-derived N to the recoverable portion of the crops during the growing season (Weaver, 1986; Danso et al., 1993) . The N-difference technique is considered reliable when available soil N is low (Bell et al., 1994) , although statistical differences in total N uptake may only be seen when BNF levels exceed 20 kg N ha -1 (Weaver and Danso, 1994; Zuberer, 2005) .
The 15 N enrichment and N-difference techniques are predicated on legume and reference species being grown under similar amounts of 15 N and labile soil N, respectively (Urquiaga and Boddey, 1987) . In the case of 15 N enrichment, both species must assimilate and translocate the same ratio of labeled N and unlabeled soil N, even though the actual quantities of labeled and unlabeled N uptake may differ between species (Ledgard and Steele, 1992) . Ideally, reference plants and N-fixing plants should be similar in size to potentially absorb soil N from the same labeled soil N pool (Boddey et al., 1984; Danso et al., 1993) . Shallow-rooting annual small grains such as wheat (Triticum spp.) are widely accepted reference plants for temperate legumes (Peoples et al., 2009) ; however, little is known about the use of deep-rooted perennial species as reference species. Therefore, we compared switchgrass to other commonly used reference crops with various rooting morphologies.
Legume symbioses fix approximately 70 million Mg of N per year worldwide, with about half this fixation occurring in temperate zones and the remainder taking place in the tropics (Brockwell et al., 1995) . Nitrogenase activity accelerates over the range of 10 to 35°C, with varying temperature responses occurring among legume species (Liu et al., 2011) . In addition, soil water deficits severely depress Rhizobium activity (Albrecht et al., 1984) . Consequently, measuring the BNF of tropical legumes in equatorial environments (bimodal annual rainfall and high soil temperatures) provides greater insight into the fixation ranges of legume-grass swards over diverse soils and climates in efforts to ascertain potential fertilizer N displacement in forage and bioenergy systems.
No data to the authors' knowledge have been published on the BNF of red clover, partridge pea, sunn hemp, and pigeonpea when intercropped with Panicum spp. Similarly, since the fixation rates of switchgrass-legume swards have not yet been measured, we have tested and verified the N-difference method by comparing its results with the 15 N enrichment approach to acquire realistic estimates of the N supplying capacity of various legumes in these systems. The results will help to identify intercrop species that can serve as a renewable source of N nutrition for Panicum spp., replacing fossil fuel-based N inputs and associated costs. Specifically, objectives were to: (i) compare N accumulation and allocation of diverse non-N 2 -fixing species with switchgrass for estimating BNF; (ii) compare red clover, partridge pea, sunn hemp, and pigeonpea BNF using the N-difference and 15 N enrichment methods; and (iii) evaluate the validity of the N-difference method by comparing it against the 15 N enrichment technique. Besides adding useful data on the amounts and proportions of N 2 fixed by legumes growing with switchgrass, the results will contribute to an assessment of the use of switchgrass as a reference species and the usefulness of the N-difference method.
Materials and Methods

Field site descriptions
Biological N 2 fixation was assessed over a range of soils, climates, host legume intercrops, and nonfixing Panicum reference crops. At temperate sites, legumes were interseeded into 3-yr-old stands of switchgrass at Holston Unit, East Tennessee Research and Education Center (ETREC) located near Knoxville, TN, on a soil classified as a Sequatchie silt loam (fine-loamy, siliceous, semiactive, thermic Humic Hapludults) and at the Greenville Research and Education Center (GREC), TN, on a Dunmore silty clay loam (fine, kaolinitic, mesic Typic Paleudults). Legume treatments included one cool-season legume: Cinnamon Plus red clover and two warm-season legumes, Lark partridge pea and Tropic Sun sunn hemp. The three legume species were compared for their potential to host N 2 fixation when intercropped with switchgrass via the N-difference and 15 N enrichment methods, as described below. The mean annual precipitation for the duration of the study (2011) (2012) (2013) at ETREC was 1450 mm, with a mean annual temperature of 15.6°C (NOAA, 2013) . This site was under orchardgrass (Dactylis glomerata L.) hay production for 4 yr before experimentation. Mean GREC precipitation was 1190 mm, with the mean annual temperature at 14.7°C (NOAA, 2013) . The site was previously under tall fescue [Schedonorous arundinaceus (Schreb.)] hay production.
An additional site located near the intertropical convergence zone in St. Croix, US Virgin Islands (STX), was included to ascertain the consistency of N 2 fixation measurements under highly contrasting climates and soils. The experimental site was located on the southwestern and southern to central coastal plain physiographic region (Thorp, 1932) , corresponding to the Major Land Resource Area, Region Z (Caribbean region, semiarid Mountains and valleys). Rainfall in this region is bimodal, with the initial early rainy season beginning in May and extending until June (end or beginning of June), followed by a brief dry period in July, and finally the second rainy season spanning from August to November (concurrent with the hurricane season). The mean temperature during the experimental period (July 2013-July 2014) was 28°C, with precipitation totaling 1080 mm. Field measurements were taken on a Sion clay (coarse-loamy, carbonatic, isohyperthermic Typic Calciustolls), which consists of very deep, well drained, and moderately slowly permeable soils, which are formed from alkaline marine deposits. At STX, the BNF of sunn hemp and pigeonpea (cv. Caqui) were determined using switchgrass and guineagrass (Panicum maximum L. cv. Mombasa) as nonfixing reference crops.
Comparison of Diverse Species as Reference Plants
The N uptake of switchgrass at ETREC Plant Sciences Unit in Knoxville was compared to that of monocots with various rooting depths including wheat (Triticum aestivum L.) and foxtail barley (Hordeum jubatum L.), and to dicot weeds including wild geranium (Geranium spp.), marestail (Conyza canadensis L.), and Venus looking glass (Tridanis perfoliata L.). At the ETREC Holston Unit, common vetch (Vicia sativa L.) and hairy vetch (Vicia villosa L.) plants were compared to switchgrass, foxtail barley, daisy fleabane (Erigeron strigosus L.), wild geranium, marestail, and Venus looking glass to determine appropriate reference species for BNF techniques. All of the aforementioned species excluding wheat and barley were volunteer weed populations. Small grains were no-till drilled with a cone seeder (Hege Equipment Inc., Colwich, KS) in the fall of 2009. Barley (Hordeum vulgare L.) (variety not stated) and wheat (Triticum aestivum L.)(variety not stated) were seeded at a 112 kg pure live seed (PLS) ha -1 rate. Species tested here were chosen on the basis of previous work (Warwick, 2011) , as validation of switchgrass as a nonleguminous reference plant was needed before conducting proceeding sections. The leguminous species tested here probably have similar rooting morphologies (e.g., a taproot with fine branch roots), whereas nonfixing reference plants have more extensive, heavily branched fibrous root systems (Weaver and Bruner, 1927) . Therefore, within monocots and dicots, species were assumed to have access to relatively consistent labeled and unlabeled N.
Shoot samples of common vetch, hairy vetch, and non-N 2 -fixing reference plant species of wheat, switchgrass, wild geranium, barley, marestail, Venus looking glass, and daisy fleabane were gathered by cutting the plants at the soil surface with pruning shears in the late spring of 2010. All species listed above were in the reproductive stages, with the exception of switchgrass and marestail, which were at pre-anthesis. Reference plant sizes, with the exception of Venus looking glass plants, were all larger than vetch plants. Samples were weighed, oven-dried, reweighed, and ground to pass through a 2-mm sieve with a Wiley mill (Thomas Scientific, Swedesboro, NJ). Samples were then analyzed for N concentration using a combustion O, N, and H elemental analyzer (ONH836, LECO Corp.) by the University of Tennessee Soil, Plant, and Pest Center, Nashville, TN.
A 25-cell, 0.75-by 0.75-m frequency grid (Vogel and Masters, 2001 ) was used to estimate legume stand densities in early summer. Four frequency counts (100 cells total) were made in each legume treatment plot. The count was multiplied by 0.4 according to Vogel and Masters (2001) based on a likelihood of one plant per cell to estimate plant density per square meter and averaged across three blocks at each location.
switchgrass-legume intercropping:
Sward Establishment
Established Alamo switchgrass plots (1.5 by 7.6 m) planted at 9 kg PLS ha -1 with 18-cm row spacing in the spring of 2007 at ETREC and in the spring of 2008 at GREC using a seven-row cone seeder (Hege 1000, Hege Equipment Inc., Colwich, KS) and a five-row no-tillage drill (606NT Great Plains Manufacturing Inc., Salina, KS), respectively. Broadleaf weeds were controlled during the establishment year by 2,4-dichlorophenoxyacetic acid at a product rate of 0.42 a.i. ha -1 . Legumes were no-till drilled annually (same plot designation) into switchgrass stubble at ETREC using a seven-row plot drill (Hege 1000, Hege Equipment Inc.) and a five-row, 606-No-Till plot drill (Great Plains Manufacturing Inc.) at GREC. Red clover was planted on 13 and 28 Feb. 2012 and 2013 , respectively, at ETREC and on 28 Feb. and 13 Mar. 2012 and 2013 , respectively, at GREC, at 12 kg PLS ha -1 . Partridge pea and sunn hemp were seeded on 12 Apr. and 6 May 2012 and on 5 and 16 May 2013 at 18 and 24 kg PLS ha -1 at ETREC and GREC, respectively. Planting depth ranged from 0.6 to 1.3 cm, depending on seed size. Partridge pea and sunn hemp seeds were inoculated with the cowpea [Vigna unguiculata (L.) Walp.] group of Bradyrhizobium spp., and red clover with the clover group inoculum of Rhizobium leguminosarum bv. trifolii. All experiments used a one-factor randomized complete block design with three blocks per location, with legume species as the fixed effect.
At the tropical location (STX), switchgrass and guineagrass plots were seeded by hand at a 60-cm row spacing on 1 Nov. 2012 (at end of the rainy season). Plot size was 1.8 by 6.1 m and 1.8 by 7.6 m for switchgrass and guinea grass, respectively. Pigeonpea and sunn hemp were both broadcast interseeded by hand at 24 and 46 kg PLS ha -1 , respectively, on 15 June 2013 , 25 Nov. 2013 , and 27 Mar. 2014 , and inoculated with the cowpea group of Bradyrhizobium. Pigeonpea establishment failed in switchgrass; therefore pigeonpea was only included as an intercrop with guineagrass.
soil and Plant data Collection
Preliminary and terminal soil nutrient levels were quantified on a per-plot basis for all locations. Basic soil test levels were conducted at a 0-to 15-cm depth in 2010 and 2014 to determine the levels of pH, cation exchange capacity (cmol kg -1 ), and the nutrient concentrations of NO 3 -N, P, K, Mg, and Ca. Samples were ground to pass through a 2-mm sieve on a Wiley soil crusher (Thomas Scientific), and Mehlich-1 and Mehlich-3 extractable nutrients were measured by inductively coupled plasma (7300 ICP-OES DV, PerkinElmer) at temperate and tropical locations, respectively. The pH was determined on a 1:1 soil/water ratio using an AS3010D Dual pH Analyzer (Labfit). In addition, for STX Agricultural Experiment Station soils, NO 3 --N was determined via the KCl extraction and Cd reduction method.
In temperate locations, tissue harvests occurred on a single annual date (June-August, depending on the timing of legume species maturity) in 2013 and 2014. Tropical location harvests included one dry-season harvest (March 2014) and two following the wet season (November 2013 and July 2014). Pigeonpea was substituted for partridge pea because of its proven success in this environment, and red clover was eliminated from the STX trials because this species is not adapted to the hot tropics. Guineagrass, a tropical Panicum species and a near relative of switchgrass, was included in the event that switchgrass establishment failed. Guineagrass is very similar physiologically to switchgrass; however, guineagrass is better adapted to the specific geographical and environmental conditions of STX.
Estimation of Legume-Mediated Fixation via the Nitrogen-Difference Method
For BNF determination using the N-difference method, shoot tissues of red clover, partridge pea, sunn hemp, and adjacent non-N 2 -fixing reference plants were harvested to the soil surface during reproductive stages or maximum N 2 -fixation periods (i.e., between the pod initiation and filling stages; Zahran, 1999; Peoples et al., 2009 ). Legume stand densities (plants m -2 ) were quantified before sampling as above (Vogel and Masters, 2001 ) and used in N-difference calculations. For both BNF determination methods, swards were cut to a 20-cm stubble height in both intercrop and control (switchgrass only) microplots. Biomass samples (legume and grass biomass) collected from all plots were weighed, dried at 49°C in a batch oven (Wisconsin Oven Corporation, East Troy, WI), and reweighed to determine the moisture content.
Samples were then ground through a 2-mm sieve on a Wiley mill (Thomas Scientific). Sample tissue N (grass separated from legumes) was then analyzed with near-infrared reflectance spectroscopy using a LabSpec Pro Spectrometer (Analytical Spectral Devices, Boulder, CO) at Land O'Lakes, Sure-Tech (Indianapolis, IN). Equations were standardized and checked for accuracy using grass hay and alfalfa (Medicago sativa L.) equations (for each legume of interest) that had been developed by the Near-Infrared Reflectance Spectroscopy Forage and Feed Consortium, Hillsboro, WI.
Plant aboveground N yield was determined by multiplying the plant dry matter yield by its N concentration: 
Estimation of Biological Dinitrogen Fixation by the Nitrogen-15 Enrichment Method
One intercropped microplot (0.85 m 2 per legume species) was located randomly per block, which occurred thrice per experimental location during 2012 and was re-randomized in 2013, with care taken to avoid any overlap with the previous year's locations. Two separate sets of reference -only (switchgrass or guineagrass) microplots (one each for cool-season and warm-season legumes) were located at each site with three replications (established as described above). Therefore, there were 15 microplots in total per temperate location and nine per Panicum spp. in the tropics. Small amounts of 15 N-labled N do not influence the nutrition of the legume or reference plant nor does it depress the N 2 fixation of legumes; consequently, N was applied at the rate of 0.40 g per microplot (4.7 kg ha -1 of 15 N) during mid-April to early May (cool-season legume) and early to mid-June (warm-season legumes). A solution of 15 N-enriched (NH 4 ) 2 SO 4 (99% of this material was enriched with 15 N) was added to 2000 mL of water and randomly injected four times with a 50-mL syringe (5-cm needle) into the soil to ensure immediate soil-solution contact in the root zone. The remaining 1800 mL of the solution was added uniformly to each the microplot to simulate 2.1 mm of rainfall during the application period. A temporary barrier was constructed around the microplots to eliminate runoff and the mobility of labeled N outside the treatment area. Once 15 N was introduced into the soil, two pools of plant-available N were created (Chalk and Ladha, 1999) , 15 N enriched and naturally occurring unlabeled N. Tissue analysis of 15 N then gave an estimation of both the labeled and unlabeled pools taken up by the reference plant; from this, the fraction of the total plant N uptake from the enriched soil by the legume relative to the reference was measured. The premise of the 15 N enrichment method is that artificial enrichment of the natural background levels with 15 N allows for quantification of the unlabeled atmospheric N 2 uptake by legumes by virtue of diluting soil N uptake with fixed N 2 .
Shoot tissue of red clover, partridge pea, sunn hemp, pigeonpea, and reference plant (switchgrass and guineagrass) were harvested from microplots after a period of growth (as described above). The percentage of 15 N atoms was quantified using a PDZ Europa ANCA-GSL elemental analyzer [interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK)] at the University of CaliforniaDavis Stable Isotope Facility, Davis, CA. Samples were combusted at 1000°C in a reactor and the resulting nitrogen oxides were converted to N 2 in a reduction reactor (reduced copper at 650°C). The N 2 and CO 2 were separated on a Carbosieve GC column (Sigma-Aldrich, St. Louis, MO) (65°C, 65 mL min -1 ) before entering the isotope ratio mass spectrometer. Thereafter, the percentage of excess 15 N atoms of the legume and reference samples and the %NDFA of the legume were calculated by where N fixed is the amount of N fixed and Yield legume is the legume N yield (kg N ha -1 ).
The percentage of shoot N from grass grown in a mixture with legumes that was derived from N transfers from legume to grass is expressed as "theoretical %NT" (T%NT) and the uptake (or yield) of transferred N (kg ha -1 ) is expressed as total N yield: [7] where N transferred is the yield of N transferred and N mixture is the N yield of switchgrass or guineagrass grown in mixtures (Mallarino et al., 1990) .
statistical Methods
Soil characteristics (i.e., pH, P, K, Ca, Mg, NO 3 -, and cation exchange capacity) were analyzed by location and year and across legume species. Similarly, N 2 fixation rates (per N determination method) were analyzed with location (combined across temperate sites, with the tropical locale being separate) and year considered to be random effects and legume species considered to be a fixed effect. ANOVA tests were performed for both models using the Mixed procedure (SAS version 9.3, SAS Institute) with block considered to be a random effect (SAS Institute, 2007) . Mean separations were performed using the SAS macro pdmix800 (Saxton, 1998) with Fisher's LSD with a Type I error rate of 5%.
Nitrogen fixation estimates from the N-difference method were compared with those of the 15 N enrichment method using a simple linear regression (SAS version 9.3, SAS Institute) by the SAS macro 'pdmix800' (Saxton, 1998), with a Type I error rate of 5%. Contrast statements were included to determine (i) if the N-difference method had a different slope from 1 and a y-intercept different from zero and (ii) if the regression equation was different from the 1:1 line. Temperate and tropical locations were analyzed as separate experiments because of species, climate, and harvest timing variations. For all models, the Shapiro-Wilks test was used to test for normally distributed residuals and Levene's F-test was used to test the homogeneity of variances.
results and disCussion
Fluctuations in soil chemical characteristics indicated minimal transformations when compared across years per intercrop species (Table 1 ; P > 0.05). Initial macro-and micronutrient (P, K, Ca, and Mg) levels at GREC were all considered high or medium, with the exclusion of a few plots testing low for K and sufficient for Mg. Conversely, at ETREC, all plots tested low in K, sufficient in Mg, and a variety of ratings (low to high) for P (data not shown), indicating adequate soil fertility, with the exception of K at ETREC. Consequently, temperate and tropical intercropping (after Year 3) did not alter inherent biochemical characteristics (P > 0.05).
Comparison of Diverse Species as Reference Plants
The use of both dicot and monocot non-N 2 -fixing reference plants revealed moderate differences in the amount of N 2 fixed by common and hairy vetch at both locations ( Table 2 ).
The use of switchgrass, wheat, or weeds as reference plants to determine the N 2 fixation of common and hairy vetch showed similar results. Using marestail as the nonfixing reference plant revealed the smallest amount of N 2 fixation per vetch plant and the most variability. This could have been a result of different physiological growth stages during harvests, as marestail was in a vegetative rather than reproductive stage. The results suggest that switchgrass assimilates soil N similarly to other non-N 2 -fixing reference plants tested. This indicates that switchgrass can function as a reference plant for both BNF determination techniques. Comparisons of the use of dicots and switchgrass as reference plants have not previously been conducted.
Estimation of Legume-Mediated Fixation via the Nitrogen-Difference and Nitrogen-15 Enrichment Procedures
Both N 2 -fixation determination methods revealed that all tested legumes in this study hosted BNF for all years and environments. For both years and locations, red clover fixed N 2 at levels greater than the current recommended rate of fertilizer N (67 kg ha -1 ; Mooney et al., 2009 ) excluding 2013 at GREC, whereas partridge pea only supplied adequate levels in 2013 at ETREC according to the N-difference method (Table 3) . However, if one assumes 50% bioavailablity (legume N transferred to grass; Zahran, 1999) , red clover in 2013 at ETREC was the only legume-location combination to yield N at annual rates comparable to the recommended rate of fertilizer N. Specifically, red clover atmosphere-derived N in the harvested shoot mass ranged from 73 to 106 kg ha -1 (Table 4 ) across all locations and years, as measured by the 15 N enrichment technique, which was similar to values reported by others (54-373 kg ha yr -1 ; Peoples et al., 1995) . However, the majority of reported high fixation observations occur in green manure cover crop settings with no canopy competition; consequently, when dense grass swards exist, fixation rates are reduced. The fixation values of partridge pea ranged from 65 to 106 kg ha yr -1 (no fixation values for partridge pea are currently reported in literature). In addition, the %NDFA was generally greatest for partridge pea, followed by red clover and sunn hemp (76, 72, and 61%, respectively, averaged over years and locations), suggesting greater Rhizobium activity in the native legume host. Similar trends were found for theoretical N transfer percentage averages, in that partridge pea resulted in the greatest amount supplied (50% total N yield), followed by sunn hemp (45%), and then red clover (38%; Table 4 ).
Combined across temperate locations, the 15 N isotope method resulted in no differences among species (P = 0.07). Conversely, species differed for the N-difference method (Year 1, 2012 ) and final year (Year 3, 2014) averaged on a per-plot basis within blocks for switchgrass and guineagrass, based on legume intercrop at the Holston Unit of the East Tennessee Research and Education Center (ETREC), the Research and Education Center at Greeneville (GREC) in Tennessee, and at the St. Croix, US Virgin Islands, Agricultural Experiment Station (STX).
Location and year † ‡ (P < 0.0001), with red clover being greatest, partridge pea being the second greatest, and sunn hemp fixation being lower than all others (128, 66, and 41 kg N ha -1 yr -1 , respectively). Neither pigeonpea nor sunn hemp fixation rates differed for either N-determination technique in the tropics (P > 0.05). Furthermore, neither technique resulted in a species ´ harvest date interaction in the temperate and tropical location data sets (P > 0.05).
Across methods, initial N 2 fixation contributions were generally lower than those in subsequent years, which was probably attributable to modest exogenous N remaining from the previous year, which is known to stimulate BNF (Zahran, 1999) . Specifically, decomposition and mineralization of legume N from green shoot tissues during the subsequent growing season results in N contributions. In addition, belowground N contributions from legumes to grass may be substantial, as previous studies have stated that belowground legume mass may provide as much as 50% of companionplant N via rhizodeposition (Jorgensen and Ledgard, 1997; McNeill et al., 1997; Peoples and Baldock, 2001 ). Mallarino et al. (1990) reported that the theoretical transfer of legume N to grass contributed only 20 to 40% of companion grass N early in the seeding year, with more than 60% occurring later in the season and in the subsequent year. Conversely, much lower (i.e., 15%) direct N transfer rates have been reported elsewhere (Xiao et al., 2004) , albeit using the modified 15 N isotope dilution method.
Some studies have suggested that only 30% of total grass N yield was derived from legume transfer (Hardarson et al., 1988; Mallarino et al., 1990) . However, the results from this study suggest that a value nearer 40% may be more appropriate in temperate locations (Table 4 ). The data in Tables 3 and   5 illustrate the great amount of variability (SE up to 33% of the mean) among microplot fixed N for the N-difference technique, probably because of the spatial heterogeneity of plant growth and species composition, with generally less variability occurring for the 15 N method. The highest spread of fixation occurred in lower yielding plots [e.g., sunn hemp (~40% SE of the mean)]. This high variability is probably caused by the yield dependence of this measurement, as the percentage of legume-supplied N from fixation (i.e., NDFA and theoretical N transfer) are independent of yield and had lower variation, suggesting that the main sources of error in estimating legume fixation come from the variable legume and grass yields. In addition, the theoretical N transfer percentage values reported here generally agree with others, in that up to approximately 70% of N supplied to the grass can be derived from BNF (Mallarino et al., 1990) .
At the tropical location, N 2 fixation was substantially greater than in the temperate locations for both the 15 N and N-difference methods (Tables 5 and 6 ). This was probably caused by enhanced host plant growth under the higher temperatures and longer growing season in the tropics (Brockwell et al., 1995; Liu et al., 2011) . Consequently, on the basis of the N-difference results, sunn hemp in the tropics would supply enough N for adequate Panicum growth compared to the current temperate recommended rate, even assuming 50% bioavailability. In addition, the N-difference for legumes and the aboveground N yield per plant were also substantially greater (three-to fivefold increase) for the tropics compared with the temperate location. The results suggest that legume N 2 fixation in the tropics can offset substantial amounts of inorganic fertilizer N. The amounts of atmosphere-derived N in the harvested shoot mass via the 15 N enrichment method were generally greatest for partridge pea and lowest for sunn hemp in temperate locations (Table 4) . Among all legume species at temperate locations, sunn hemp was the least N-yielding legume (yield-dependent variable), probably as a result of poor establishment and vigor when grown as a N 2 -fixing crop with switchgrass in a temperate environment. Consequently, sunn hemp is not a practical N-contributing legume intercrop in switchgrass swards, probably owing to overlap in the growing periods of these species. Conversely, at the tropical location, this equatorially adapted species supplied more than adequate N to companion crops (guineagrass and switchgrass; Table  5 ). In addition, theoretical N transfer, N yields, total N Table 5 . Dinitrogen fixation for sunn hemp and pigeonpea intercrops in guineagrass and switchgrass using the N-difference method (with switchgrass as a reference species) at the Agricultural Experiment Station at St. Croix, US Virgin Islands, during 2013 and 2014. Harvest date and legume Aboveground N per legume plant
Aboveground N per reference plant N difference Avg. legume density yield, and the amount of N 2 fixed were greater in the tropics because of the longer growing season. Such high total N yield performances were probably a result of the poorer establishment of switchgrass and because its photoperiod sensitivity resulted in reduced vegetative growth and, consequently, less competition with sunn hemp, thereby allowing strong growth in support of N 2 fixation. During the final N 2 fixation measurement (July 2014), guineagrass-sunn hemp and pigeonpea intercropping resulted in high levels of BNF in the harvested shoot mass (321 and 258 kg N ha -1 , respectively; Table 6 ). Other studies have substantiated the high fixation rates of sunn hemp (135-285 kg ha -1 ; Schomberg et al., 2007) and pigeonpea (235 kg ha -1 ; Peoples et al., 1995) . In addition, the greatest %NDFA in sunn hemp occurred when it was grown with guineagrass, compared to its %NDFA when grown with switchgrass in the tropics (94 vs. 79%NDFA, respectively); however, the %NDFA of sunn hemp was less than that measured in pigeonpea grown with guineagrass (96%; Table 6 ). Conversely, sunn hemp had greater theoretical N transfer to guineagrass than pigeonpea in November 2013 but not in March and July 2014.
Nitrogen-15 Enrichment and NitrogenDifference Methods Compared for Determining the Biological Dinitrogen Fixation of Legumes interseeded into Panicum swards
The N-difference technique did not adequately measure BNF in legume-switchgrass swards compared to the 15 N enrichment procedure, considering that the simple linear regression model indicated that the 15 N enrichment and the N-difference regressions did not have a slope different from 1 for both the temperate and tropical locations (P > 0.05; Fig. 1 ). When N 2 fixation was separated by location (temperate locations and STX) for all species and years, the regression slope was different from the 1:1 line (P < 0.0001 for both). In addition, at temperate locations, when the 15 N enrichment fixation rates were predicted to be at zero, the N-difference results would be 60.6 kg N ha -1 , which is different from zero (P < 0.001). Furthermore, if N 2 fixation via 15 N enrichment is increased by 1 kg N ha -1 , fixation via the N-difference method is expected to increase by 0.30 kg N ha -1 . Consequently, the N-difference method overestimated the fixation rates compared to the isotopic results at both locations and was therefore a poor predictor of N 2 fixation, considering that the 15 N method is a more reliable theoretical standard. Such a lack of agreement has been reported by previous work (Danso et al., 1993; Yu et al., 2010) ; however, others have found that the N-difference method provides comparable estimates to those of more expensive and sophisticated isotopic techniques (Phillips et al., 1983; Høgh-Jensen and Schjoerring, 1994; Bell et al., 1994) .
Regression analysis showed a weak relationship between the N-difference and 15 N techniques for temperate and tropical locations (R 2 = 0.29 and R 2 = 0.19, respectively; Fig. 1 ). Generally, when the estimated fixation rates were below 75 kg N ha yr -1 at temperate locations, the N-difference method tended to overestimate the amount of N 2 fixation compared to using 15 N as a standard for accurate estimation of N 2 fixation. However, beyond that threshold, the N-difference method tended to equally underestimate and overestimate BNF. In addition, the best error of prediction for the N-difference method was +2.5%, with the worst underprediction being -78.4% across temperate sites and +4.4% being the closest prediction relative to that of the true mean and -92% being the poorest in the tropics. Consequently, the less expensive and less labor-intensive method (N-difference) should only be used in lieu of the 15 N method where relative values are adequate and precise values are not necessary. However, recent innovations in N-difference calculations that account for the different rooting patterns of N 2 -fixing and non-N 2 -fixing plants (Yu et al., 2010) deserve testing for validity of BNF estimates in switchgrass-legume swards.
ConClusions
Elucidating the renewable N contributions from BNF is important for maximizing sustainable N production in perennial biofuel-legume or forage-legume systems. The results of dicot and monocot non-N-fixing reference plants revealed that switchgrass assimilates analogous amounts of N compared to other reference plants and can therefore function as a nonleguminous reference plant for field determinations of BNF.
Red clover and partridge pea fixed more N 2 than the benchmark recommended N rate (67 kg N ha -1 ; Mooney et al., 2009) averaged across temperate locations and years when intercropped with switchgrass (87 and 84 kg N ha yr -1 , respectively, according to the 15 N enrichment procedure). However, not all the N 2 fixed is available to switchgrass during the measurement year. Theoretical N transfer tended to increase during Year 2 of this study (12% increases over Year 1); however, legume density thresholds should be considered, in that reference plant competition may negatively affect BNF.
Considerable inputs of legume-derived N can be obtained in tropical intercrop systems. Nitrogen yields (via the 15 N enrichment method) were lowest for sunn hemp in temperate regions (35 kg N ha -1 ) but those for sunn hemp were greater than the pigeonpea intercrop in the tropics (132 kg N ha -1 ). However, pigeonpea also had substantial fixation (122 kg N ha -1 ), exceeding the recommended fertilizer N levels for temperate pasture or feedstock systems. Therefore, tropical environments may promote greater levels of BNF through enhanced biological activity, a longer growing season, and higher ambient and soil temperatures.
The 15 N enrichment tracers have proven capability for isolating various N cycling processes and quantifying the N supplied during BNF. When averaged across temperate and tropical locations, species, and years, the N-difference technique did not provide comparable BNF measurements to that of the more complex 15 N isotope technique in legume-switchgrass swards. Consequently, it is not recommended that the N-difference method be used as a quantitative alternative to isotopic 15 N-based BNF estimations.
